Background: Adjacent segment disease (ASD) is a common complication after posterior lumbar interbody fusion (PLIF). Recently, a topping-off surgery (non-fusion with Coflex) has been developed to reduce the risk of ASD, yet whether and how the topping-off surgery can relieve ASD remains unclear. The purpose of this study was to explore the biomechanical effect of PLIF and Coflex on the adjacent segments via finite element (FE) analysis and discuss the efficacy of Coflex in preventing ASD. Methods: A FE model of L3-L5 segments was generated based on the CT of a healthy volunteer via three commercially available software. Coflex and PLIF devices were modeled and implanted together with the segment model in the FE software. In the FE model, a pre-compressive load of 500 N, equal to two-thirds of the human body mass, was applied on the top surface of the L3. In addition, four types of moments (anteflexion, rear protraction, bending, and axial rotation) set as 10 Nm were successively applied to the FE model combined with this pre-compressive load. Then, the range of motion (ROM), the torsional rigidity, and the maximum von Mises equivalent stress on the L3-L4 intervertebral disc and the implant were analyzed. Results: Both Coflex and PLIF reduced ROM. However, no significant difference was found in the maximum von Mises equivalent stress of adjacent segment disc between the two devices. Interestingly enough, both systems increased the torsional rigidity at the adjacent lumbar segment, and PLIF had a more significant increase. The Coflex implant had a larger maximum von Mises equivalent stress. Conclusions: Both Coflex and PLIF reduced ROM at L3-L4, and thus improved the lumbar stability. Under the same load, both devices had almost the same maximum von Mises equivalent stress as the normal model on the adjacent intervertebral disc. But it is worthy to notice the torsional rigidity of PLIF was higher than that of Coflex, indicating that the lumbar treated with PLIF undertook a larger load to reach ROM of Coflex. Therefore, we presumed that ADS was related to a higher torsional rigidity.
Background
Lumbar spinal stenosis (LSS), a common senile disease, has a 9.3% incidence in the elderly [1] . LSS is a major cause of surgery in people over 65 [2] . Clinical observations show the onset age of LSS is becoming younger on account of the sedentary lifestyle. LSS is clinically manifested by numbness and radiative pain in the buttocks and lower limbs [3] . Some patients may have lower back pain. These symptoms exert negative impacts on the patient's physical functions. Some bedridden LSS patients even develop pneumonia and deep vein thrombosis (DVT).
Posterior lumbar interbody fusion (PLIF), as the "gold standard" in surgical practice, can significantly relieve the symptoms of nerve root compression. Although the primary segment disc compression had a low recurrence rate after PLIF, during the long-term follow-up, many patients develop LSS at an adjacent segment and recurrent relative nerve root compression. Therefore, PLIF surgery may increase the incidence of adjacent segment disease (ASD) [3, 4] . Currently, a new "topping-off" technique using Coflex, a U-shaped elastic non-fusion interspinous instrument placed between two adjacent spinous processes, is often applied in clinical practice. Some literature has demonstrated Coflex implantation can reduce the risk of ASD [3, 4] . Colfex has been proven safe and effective for LSS. However, the effect of the Coflex on the adjacent segment is still not clear. Lee [4] believed ASD after PLIF was caused by the compensatory increase in the mobility of the adjacent lumbar segment and the added pressure on the intervertebral disc and intervertebral joints. We presumed that torsional rigidity might be related to ASD, but the torsional rigidity was rarely addressed in the previous studies. To figure out the specific mechanism of how Coflex reduced the rate of ASD and the relationship between torsional rigidity and ASD, we conducted this study to explore the biomechanical effect between PLIF and Coflex on the adjacent segments via finite element analysis and discuss the efficacy of Coflex in preventing ASD.
Methods

Establishment of basic model
The geometrical specifications of the spine were obtained from 64 spiral CT images of a 28-year-old male without spine injury or radiographic evidence of degeneration. He received a SOMATOM SENSATION 64 spiral CT (Siemens, Munich, Germany) scan for health examination at our hospital. The CT images were used with his consent. The CT scans of the L3-L5 lumbar spine with Coflex or PLIF were obtained at 1-mm intervals. The threshold segmentation was used in MIMICS19 based on the CT data to obtain the masks of the intervertebral disc, nucleus pulposus, vertebral body, and the implant. Using the masks, the 3-D solid model was constructed (Fig. 1) . The contour of the model was refined and the CT image distortion was decreased as much as possible. Then, the STL file was output with the quality of the mesh maintained. In GEOMA-GIC12, the STL vertebral model was de-noised and smoothed with all the details maintained. All vertebral models were offset by 1 mm to make a smaller vertebral cancellous bone model. The STP files of all models were output and imported into UG software, and then, the final models were obtained by Boolean subtraction [5] [6] [7] [8] [9] .
Threshold segmentation was used in MIMICS19 based on postoperative CT to obtain the Coflex implant masks. The preliminary solid model was established by 3-D model construction using the masks. The output STL file was imported into the UG software, and the Coflex model was designed based on the preliminary model using the UG software (Fig. 2) .
The nailrod model and the cage model were designed and assembled using the UG software. The cage was individually designed to make the upper and lower surfaces of the cage completely match the adjacent vertebral body surfaces. The Arbeitsgemeinschaftfür Osteosynthesefragen (AO) spinal internal fixation standard was used as the reference. The screws were implanted in the center of the pedicle and a 20°cohesion angle was used in the L4-L5 pedicle screws (Figs. 3 and 4) .
The normal lumbar spine, Coflex, and K-ROD assembly models were imported into ANSYS 17. Then, ANSYS analysis files were generated for each model (Fig. 5) . Table 1 shows the material properties of the bones, intervertebral disc, implants, and various ligaments. In ANSYS, the simulation of ligaments was achieved by adding a spring unit (tension only). Table 2 shows the properties of the spring unit [10] .
Pre-compressive load
A 500-N pre-compressive load equal to two-thirds of the human body mass (50 kg, 500 N) [5] was applied on the upper surface of the L3 lumbar vertebra. An additional moment of 10 N*m (10,000 N*mm) was exerted in each direction as described in the literature [5] [6] [7] [8] [9] [10] [11] [12] to simulate lumbar anteflexion, rear protraction, and rotation ( Fig. 6 ).
Simplified restriction
A six-degree-of-freedom rigidly fixed constraint was applied on the lower surface of the L5 lumbar vertebra according to the previous literature [11, 12] to verify that the lower surface of L5 vertebral would not produce displacement and rotation when moment was added.
Bind
All ligaments were simplified into spring units as shown in Table 2 . The BOND connection was used between the vertebral body and the intervertebral disc. The facet joint surface was subjected to frictional simulation and the friction coefficient was set as 0.2 [4] [5] [6] [7] [8] [9] [11] [12] [13] . "No Separation" was used to connect the surfaces of Coflex with those of the spinous processes. The BOND connection was applied in all the K-ROD components, cage, and vertebral body connections.
Meshing
To ensure the comparability of the models and prompt calculation, and also to avoid the calculation error caused by meshing, a 10-node tetrahedral mesh was used in mesh 7. A more refined mesh of 1.5 mm was used in L3/4 intervertebral disc and the inner implant. The octahedral mesh was used in the cancellous bone. The same meshing method was applied in the normal lumbar, Coflex, and PLIF implant models. The mesh of 3 mm was used in all the other parts. The meshing was performed using the ANSYS software (ANSYS WORK-BENCH 15.0). The units used are shown in Table 1 . No warnings and failures were reported. Table 3 shows the number of nodes and elements in the three models.
Verification method
Verification of L4, L5 segment axial compression (displacement-load curve)
After establishing the L4/L5 lumbar model, a precompressive load ranging from 500 to 2000 N was applied on the upper surface of L4. The axial displacement of the lumbar vertebral model was calculated and compared with the references [14] [15] [16] [17] [18] , as shown in Fig. 7 .
Measurement of lumbar range of motion and torsional rigidity
The origin of the local coordinate system was defined as the center of endplate in the distal vertebral body. Perpendicular to the endplate in the sagittal position was the X-axis. Parallel to the endplate was the Z-axis (right) and the Y-axis (left). With the distal vertebral body fixed, two nodes on the upper surface of the adjacent lumbar were selected. The coordinates of the two nodes before precompressive load application were (X1, Y1, Z1), (X2, Y2, Z2). The coordinates of the two nodes after precompressive load application were (X3, Y3, Z3), (X4, Y4, Z4). The lines connecting the two points before and after pre-compressive load application formed the angle θ (i.e., the maximum angular displacement) [11, [19] [20] [21] . The formula is presented as follows: Torsional rigidity was the moment required to produce a unit torsion of the lumbar vertebra and it was measured using the following formula: Torsional rigidity(k) = M/θ, (M: the exerted moment; θ:the range of motion).
Verification of maximum von Mises equivalent stress on L3/L4 intervertebral disc
The uppermost L3 was not subject to any constraints. An evenly distributed 500-N pre-compressive load was exerted on the endplate of the L3 vertebral body; the motor moment was 10 Nm [8, 19, 20] . The maximum von Mises equivalent stress on the L3/L4 intervertebral disc was calculated by FE analysis and compared with the references.
Evaluation of the sensitivity of the elements
The low-medium, medium, medium-high, optimized, and high densities of five representative meshes were performed to determine the number of elements (Fig. 8 ).
An analysis was performed using the five densities, and the results were converged from the medium-to highmesh densities. Table 4 shows the number of elements, number of nodes, computational time, max model displacement, and equivalent stress on the adjacent disc for each density.
Results
Verification of experimental results
Compared with the results from the literature [14] [15] [16] [17] [18] , ours was approximated to that of Virgin's [18] , and between those of Virgin's and Markolf's. The axial compression stiffness of our model was of an intermediate level among the results in the literature. The curve was obviously nonlinear, which was in accordance with the literature (Fig. 9) .
Measurement of lumbar ROM and torsional rigidity
The ROM and torsional rigidity of this study is shown in Table 5 . The ROM and torsional rigidity of the models were in good accordance with those reported in the literature, as shown in Table 6 .
Verification of maximum von Mises equivalent stress on L3/L4 intervertebral disc
The maximum von Mises equivalent stress on the L3-L4 intervertebral disc in this model was in accordance with those from the other literature (Table 7) .
Evaluation of the sensitivity of the elements
For high and medium-high mesh, the convergence and accuracy were increased; however, they were not practiced on account of the increased computational time. Therefore, the optimized mesh with a high degree of convergence was selected for the analysis (Table 8 , Fig. 10 ).
L3-L4 lumbar ROM and torsional rigidity
In the normal model, the lumbar ROM of the L3-L4 was higher than the others. The Coflex and PLIF models exhibited significant differences in anteflexion, rear protraction, and right lateral bending. The Coflex model had a significantly smaller L3-L4 axial rotation angle than the normal model, and the rotation in the upright position had the smallest ROM. The right axial rotation showed the largest ROM. However, the ROMs of upright, rear protraction, and left lateral bending showed no significant change compared with the PLIF model. In the PLIF model, the upright position had the smallest L3-L4 ROM and the biggest right axial rotation. The ROM of PLIF showed significant reductions, but the left lateral bending did not change significantly, compared with the normal and Coflex models (Table 9 ).
In terms of the L3-L4 lumbar spine torsional rigidity, the PLIF model was significantly higher than the normal and Coflex models, and the Coflex model was higher than the normal. In the normal model, the rear protraction had the smallest stiffness and the left lateral bending had the largest stiffness. In the Coflex model, the stiffness of L3-L4 right axial rotation was the smallest and the right lateral bending rotation was the largest; compared with the normal, the stiffness of anteflexion, rear protraction, left lateral bending, and left axial rotation was significantly increased. The average L3-L4 lumbar torsional rigidity reached 3.708858 N*m/°, which was significantly larger than the normal model. In the PLIF model, compared with Coflex, L3-L4 lumbar torsional rigidity was significantly increased in all the positions except in rear protraction and right lateral bending. All the data are presented in Table 10 .
Maximum von Mises equivalent stress on L3/L4 intervertebral disc
The maximum von Mises equivalent stress on L3-L4 intervertebral disc showed no significant difference among the three models. In the normal model, the intervertebral disc had the largest maximum von Mises equivalent stress when in the right lateral bending position. The smallest stress appeared when in the upright position. The maximum von Mises equivalent stresses in all positions were smaller than the other two models (Fig. 11) . In the Coflex group, the maximum von Mises equivalent stress of the intervertebral disc was the largest in right lateral bending and the smallest in the upright position (Fig. 12) . The maximum von Mises equivalent stress of L3-L4 intervertebral disc in the PLIF model did not differ significantly from that of the Coflex model (Fig. 13 ). All the data are presented in Table 11 .
Maximum von Mises equivalent stress of implant
In this study, we performed the finite element analysis of Coflex, cage, and nail rods in each model to measure the maximum von Mises equivalent stress of the implant. It showed that Coflex had the smallest maximum von Mises equivalent stress when in the upright position, and the smallest maximum von Mises equivalent stress appeared in the right axial rotation. The maximum von Mises equivalent stress of the cage was the smallest compared with the other two parts, and the smallest stress appeared in the upright position and the largest in right axial rotation. The smallest stress on the nail was in anteflexion, unlike the other two implants. The largest stress was at the right lateral bending (Figs. 14, 15, and 16 ). All data are presented in Table 12 .
Discussion
PLIF surgery, the "the golden standard" for severe LSS, can significantly relieve LSS symptoms (e.g., radical pain and palsy), but it can also accelerate the degeneration of the adjacent segment. Paul Park [21] reported a high incidence of ASD after PLIF surgery. According to two other studies, the incidence even reached 100% [22] . Shinya Okuda [22] reported a case of repeated ASD after PLIF in which the patient underwent four operations at different adjacent lumbar segments. Although the patient's symptoms were resolved by the operation, the time between surgeries was increasingly shorter and the sacral slope decreased. The "topping-off" surgical method-using either a hybrid stabilization device (HSD) or an inter-spinous process device (IPD)-is being widely used to treat ASD. Khoueir et al. [23] have classified posterior dynamic Chou [24] showed that the fusion-alone group had a higher incidence of radiographic ASD (52.6%) and symptomatic ASD (11.6%) than revision surgery group (8.1%). Besides, the HSD and fusion groups had a higher incidence of radiographic ASD at the supra-adjacent segment (10.5% and 24.7%, respectively) than the IPD (1%). In a review of 91 cases, Lu et al. [25] evaluated and compared the incidence of ASD in the PLIF and the "topping-off" (an IPD was put at the adjacent segment proximal to the PLIF instrument) groups, showing that radiographic ASD occurred in 20 cases (48%) in the PLIF group and 3 (6%) in the "topping-off" group. The PLIF group had 9 symptomatic cases while only 3 were found in the "topping-off" group. He concluded that the "topping-off" device reduced the risk of ASD. Both PLIF and Wallis relieved the LSS symptoms [25] . In addition, Wallis significantly reduced the adjacent segment degeneration.
Coflex is an inter-spinous fixation device for the "topping-off" technology. It is an elastic U-shaped structure implanted after possessing the inter-spinous and supraspinous ligaments. Qu SD [26] believed that Coflex relieved the nerve root compression by propping up the spinous process, maintaining the lordosis of the implanted segment, and reducing the ligamentum flavum invasion of the spinal canal. The distraction force also enlarged the intervertebral foramen and reduced the load on the intervertebral disc and the facet joint in flexion. The meta-analysis by Li et al. [27] showed that Coflex was more effective than PLIF in terms of decompression, the Oswestry Disability Index (ODI), length of hospital stay (LOS), and blood loss. Yuan et al. [28] held that Coflex surgery had significantly less blood loss, shorter hospital stay, and operative time than PLIF (p < 0.001), and it also had a lower reoperation rate for ASD than PLIF, yet with no statistical difference (11.1% vs. 4.8%, p = 0.277). He also thought Coflex was not suitable for the patients with lumbar disc herniation.
To investigate the mechanism of Coflex in reducing ASD incidence, mechanical analysis of the supra-lumbar segment is needed. Finite element analysis can simulate real physical systems (geometry and load cases) and perform the measurement using a mathematical approximation program. With simple and mutual elements, a finite unknown quantity can approximate a real system of infinitely unknown quantity.
In this study, no significant difference of intervertebral disc load force on the adjacent segment was found between Coflex and PLIF under a 500-N pre-compressive load. The increased adjacent disc pressure of Coflex ranged from − 5 to 10%, while the pressure of PLIF ranged from − 10 to 2%, indicating that the higher load force on the adjacent disc was not a primary risk factor of ASD.
Coflex significantly reduced the anteflexion and rear protraction ROM of the adjacent segment, and the lateral bending was also decreased. No change was found in the angle of axial rotation. By comparison, PLIF reduced the ROM in all motions. The decreased ROM promoted lumbar stability in both Coflex and PLIF models. Two factors might contribute to the difference in Coflex activity between our results and those from the literature: first, ours was an idealized model and the micro-motion of the Coflex facet was smaller than the actual one; second, the intervertebral facet joint in our model was intact, unlike those in the literature, which were partially resected. The increased torsional rigidity can impose a heavier burden on the adjacent segment. PLIF increases the torsional rigidity, which means the patient may have a higher load burden on the adjacent disc and facet joint in rotational activity. The higher load burden would then lead to degeneration of the adjacent intervertebral segments and the nucleus pulposus would be prone to protrusion and nerve root compression.
As a result, the patients receiving PLIF would have a higher incidence of ADS and suffer from nerve root compression. Hence, higher torsional rigidity could be a primary risk factor of ASD.
Rigorous conclusions cannot be made based on the results of this study because of the small sample size and the limited number of working conditions for each finite element model. A larger sample size and more working conditions should be included in the further study. The maximum von Mises equivalent stress on the intervertebral disc needs to be statistically analyzed and compared. 
Conclusion
Both Coflex and PLIF reduced lumbar ROM and therefore provided stability at the surgical and adjacent segments. Under the same pressure, both devices had almost the same maximum von Mises stress as the normal model on the adjacent intervertebral disc. But it is worthy to notice that the torsional rigidity of both PLIF and Coflex models was higher than that of the normal model, and PLIF produced an even higher burden on the adjacent segment than Coflex. It indicates that the lumbar vertebra of patient treated with PLIF undertakes a larger load to reach ROM of Coflex. Therefore, we presumed that ADS was related to higher torsional rigidity. 
